Thalassemia traits (TTs) and iron deficiency anemia (IDA) are the most common disorders of hypochromic microcytic anemia (HMA). The present study aimed to differentiate TTs from IDA by analyzing discrimination formulas and provides comprehensive data of hemoglobin disorders prevalent in Pakistan. Among 12 published discrimination formulas, 6 formulas-MI, EF, G&K, RDWI, R, and HHI-were the most reliable to discriminate TTs from IDA. The failure cutoff values were improved by the random forest (RF) decision-tree approach. Moreover, the Shine and Lal (S&L) formula, which completely failed to discriminate IDA from TTs with original cutoff value (<1530), improved with the use of new proposed cutoff value (<1016) and was found to successfully discriminate all cases of TTs from those with IDA. In addition, 2 newly proposed formulas discriminated TTs from IDA more reliably than the original 12 formulas assessed. The proposed formulas could play a crucial role for clinicians to discriminate between TTs and IDA.
heterozygosity, homozygosity, or double heterozygosity. In addition, co-inheritance of structural hemoglobin variants occurs, such as hemoglobin C, E, or S with TTs. The common co-inheritance forms (hemoglobin E/β-thalassemia and hemoglobin S/β-thalassemia) are present in many countries, including Pakistan, [4] [5] [6] [7] [8] [9] [10] India, 11, 12 Iran, 13 Turkey 14 and Saudi Arabia. 15, 16 Most individuals with TTs, such as α-TT and β-TT, are asymptomatic and have a normal life expectancy.
The identification of iron deficiency prior to the development of anemia is difficult. Low mean corpuscular volume (MCV) or low mean cell hemoglobin (MCH) are both indicators for thalassemia. However, these same indicators are found in IDA as well. 17 Hemoglobin electrophoresis used in the identification of α-TT does not provide possible diagnosis, but it is helpful to exclude other microcytic anemias. 18, 19 The diagnosis of IDA depends on the serum ferritin level and transferrin saturation level rather than iron staining of bone marrow biopsies. The diagnosis of thalassemia depends on hemoglobin typing and DNA testing. All of these methods require significant expenditures of time and resources to confirm the diagnosis.
To discriminate between these etiologies of HMA, researchers have proposed formulas based on RBC indices to mula (S&L), 22 Ehsani formula (EF), 23 Srivastava formula, 24 Palestinian population (PP), 25 Green & King Index (G&K), 26 and RDW Index (RDWI). 27 Existing discrimination formulas vary in sensitivity and specificity, and no single index exists that is suitable for every person. Because these indices were developed in the context of different populations, generations and genders, they may be neither suitable nor easily applied to daily clinical use.
Despite multiple mutations in the β-globin gene, a limited number of different mutations account for most of the thalassemia patients in each area. Therefore, the current study aimed to generate a new mathematical formula using a new bioinformatics-based approach, called Random Forest (RF), for accurate discrimination of TTs from IDA in the Pakistani population. RF is nonparametric, interpretable, and efficient and has high prediction accuracy for many types of data.
28
RF-based, new formula cutoff values could be used (a) to reduce the burden of expensive testing for thalassemia, (b) in areas where confirmation by advanced laboratory facilities is lacking, and (c) in high-risk thalassemia areas. Consequently, all the efforts would reduce the carrier rates of α-or /β-TTs in the future and with the help of genetic counseling reduce the birth rate of α-or /β-thalassaemia major.
Materials and Methods

Study Design
The retrospective study focused on 3 years (2012-2015) of encoded and unlinked clinical laboratory data obtained from the Healthcare Molecular and Diagnostic Laboratory, Hyderabad, Pakistan. The data consisted of 3030 HMA cases defined as having an MCV <75 fl and an Hb <13 g/dl. The data set included complete blood counts (CBCs) with morphological examination, serum ferritin levels, and Hb electrophoresis. We reviewed the results of the data set and established diagnoses. We classified HMA cases (n=610) into six groups: α-TT (n=7), β-TT (n=300), HBE/β-TT (n=14), HBS/β-TT (n = 15), and IDA/TT (n = 18), and IDA (n = 256) ( Table 1 (KERMAN1 × 10/MCHC). Figure 1 shows the workflow diagram of present study.
Computational Approach
Random Forest (RF), based on an ensemble-based decision tree, 28,31 is a widely used ensemble learning method.
Breiman and Cutler introduced the RF method to improve prediction performances of classification and regression trees (CART) by growing many weak CART trees. 31 Out-ofbag (OOB) data are used for evaluating feature importance as follows: (a) two-thirds of a training data set is used to construct the predictive classifier and the remainder is used for evaluating the performance of such classifier; and (b) the importance of each feature can be evaluated by measuring the decrease in prediction performance. The performance evaluation can be reported in terms of either accuracy or the Gini index.The proposed cutoffs of our formulas as well as proposed cutoffs of standard formulas were obtained by Random Forest decision tree approach. In addition, the 10-fold cross-validation was applied to training data sets for performance testing.
Generation of Proposed Formulas
Our data consists of confirmed cases of TT and IDA cases. In Table 1 and Table 2 , RBC, MCV, MCH, RDW, and HCT provide higher accuracies. Based on the above parameters, we then manually made various formulas and analyzed
Figure 1
Work flow diagram of the study.
on two types of data; in the first data set, formulas were computed with RBCs indices, while in the second data set, formulas were computed with Hb-electrophoresis, ferritin and confirmed result (Remarks). After more than 10 different possible formulas were tested, 2 were found to provide the best results: (RBC/HCT + 0.5*RDW) and (RDW*5)/RBC. Both those formulas were then analyzed by means of the bioinformatics-based RF decision-tree approach to set the cutoff value for discrimination of TT and IDA. Two sets of cutoff values were obtained for Kandhro-1 and Kandhro-2 formulas: <8.2 and <16.8, respectively. We tested Kandhro-1 and 2 formulas using two different sets of cutoff values with standard formulas.
Statistical Analysis
We analyzed the data using the Statistical Package for Social Sciences (SPSS) v 18.0 (SPSS Inc, Chicago, IL, USA). One-way analysis of variance (ANOVA) was applied to compare data among the six groups. The sensitivity, specificity, positive and negative predictive values, Mathew correlation coefficient, and area under receiver operative curve (AUROC) were calculated for each formula for comparison of the discriminating formula performance among TT/IDA and β-TT/IDA group. A P value of <.05 was defined as statistically significant.
Results
The baseline characteristics and laboratory data and 12 discriminating formula are summarized in online supplementary Table 1 . By using the ANOVA test, significant differences (P < .0001) were observed among the 6 groups in all parameters except age (P = .097). Significant differences also were found in serum ferritin levels among all 6 groups (P < .0001).
The accuracies of RBC indices and formulas for discrimination of TTs and IDA with number of cases are illustrated in Table 1 . Higher sensitivity and specificity (>95%) and 
Proposed Formulas
In the present study we applied RF approach to generate and test 2 new mathematical formulas for use in the population of Sindh Province, Pakistan. These new formulas were Kandhro1 (RBC/HCT + 0.5*RDW) and Kandhro2 (RDW*5)/ RBC). Analysis of these formulas by the RF, decision tree approach revealed cutoff values with good reliability for discrimination of TTs from IDA. Figure 2 shows the feature importance of the 12 standard formulas and the 2 new proposed formulas. The highest Gini index was found among 11 discrimination formulas, including the 2 proposed formulas, while a lower Gini index was noted in 3 formulas, namely K1, K2, and E&F.
From the original data set (n=610), we partitioned data for the RF model as the training data set (n=428). An external data set (n=182) was used for validating the RF model. Analysis of these formulas by the RF decision-tree approach revealed cutoff values that provide good reliability for discrimination of TTs from IDA. 
Figure 2
Standard discrimination formulas (with improved cutoff values) and proposed discrimination formulas. The discrimination formulas feature importance plot shows mean decrease Gini index. The plot shows each discrimination formula on the y-axis, and their importance on the x-axis. The most-to least-important discrimination formulas ordered as top-to-bottom and their importance is given by the position of the dot on the x-axis. Based on mean decrease Gini index, from top-to-bottom as most-to least-important discrimination formulas are SL, HHI, GK, R, RDWI, MI, Kan1, Kan2, E, S, and PP.
S&L formula, which failed to discriminate TT from IDA with standard cutoff value (data not shown), successfully discriminated all TT cases from IDA cases with the new proposed cutoff value. The newly proposed formulas, Kandhro1 and Kandhro2, showed 100% accuracy with proposed cutoff values.
Similarly, the proposed cutoff values of 12 discrimination formula as compared to standard cutoff values and 2 newly proposed formulas for discrimination between β-TT and IDA are illustrated in Table 2 .
Comparing Proposed Formulas With Standard Formulas
We performed 1-way ANOVA for comparing each proposed formula against competitors and shown in online supplementary Table 2 . We found that among 12 discrimination formulas, only 10 (when compared with Kandhro 1) or 11 (when compared with Kandhro 2) formulas are significant in comparison with proposed formulas. This suggested that proposed formulas could be applied in future studies.
Cross-Validation
The main data set partitioned 2/3 data as a training data set, which is used for analysis of 10-fold cross-validation procedure. We found AUCROC equal 1.0 in 10-fold cross-validation analysis, indicating that Random Forest decision tree approach described here could better classify and discriminate thalassemia traits from IDA
Discussion
The present study provides comprehensive data on hemoglobin disorders prevalent of Sindh province, Pakistan. A total of 610 HMA cases were enrolled, of whom 256 cases were confirmed to have IDA, 07 to have α-TT, 300 to have β-TT, 14 to have HBE/β-TT, 15 to have HBS/β-TT, and 18 to have IDA/TT. Most of the TTs cases are asymptomatic and, without specialized tests, may be missed or sometimes misdiagnosed as iron deficiency anemia. Since 1970, several researchers have proposed discriminating formulas to differentiate between IDA and TTs. Some common discrimination formulas are MI, 20 E&F, 21 S&L, 22 EF, 23 SF, 24 PP, 25 G&K, 26 and RDWI. 27 Unfortunately, discrimination formulas have varied in sensitivity and specificity, and no single index exists that is suitable for every person. Most of the discrimination formulas were used to differentiation of β-TT and IDA with 100% sensitivity. Therefore, the present study aimed to determine which existing formula could best distinguish TTs from IDA. In addition, we generated new mathematical formulas with a bioinformatics-based approach (ie, RF) for accurate discrimination of TTs from IDA in HMA cases of different ethnic populations of Sindh Province in Pakistan.
This study showed that only 6 of the 12 formulas evaluated were reliable in terms of high SN, SP and AUC values. However, the other 6 formulas had statistical values, that varied greatly. The reliability of using these indexes was controversial and varied in many previously published studies from different regions of the world. [35] [36] [37] β-TT in Chinese children. G&K was the best for differentiation between IDA and β-TT, followed by R, E&F, RDWI, PP, HHI, MI, E, SF, and S&L in decreasing order of performance.
In Pakistan, multiple β-globin gene mutations have been identified, although a small number of mutations usually account for most of the thalassemia patients in an area. These mutations affect a certain amount of globin chain synthesis and cause variability in RBC indices. 30 The present study data contained a high number of β-TT cases which are best discriminated from IDA by only 6 discrimination formulas. In one cross-sectional prospective study, different ethnic groups were enrolled over a period of 5 years and their blood samples were analyzed at the DNA level for the 12 most common β-Thalassemia mutations in Pakistan. All 12 mutations were found among the different ethnic groups, but prevalence was highest in the Sindhi ethnic group. 43 Although many authors have reported that certain discrimination formulas were reliable for differentiation of IDA from TTs in their DOI:10.1093/labmed/lmx029 own population, no study has shown whether all these discrimination formulas are valid in other populations. Similarly, remarkable inconsistencies among the 12 discrimination formulas were found in the present study population, and it was not possible to select an ideal discrimination formula with the published standard cutoff values. Therefore, the present study sought to improve the statistical values by applying an RF classification and regression trees (CART) approach and analyzing data for proposed discrimination formula cutoff values that could fit best for our different ethnicities.
The proposed cutoff values were obtained by using the R package program and RF decision tree approach. Tables 1 and Table 2 show proposed cutoff values of 12 discrimination formulas as compared to standard cutoff values, along with 2 new proposed formulas and their cutoff values. Nearly all discriminating formulas improved in terms of SN, SP, and AUC when the proposed cutoff values were used. Kerman1 and Kerman2 had showed lower accuracies in standard cutoff values, however, improved with proposed cutoff values. Interestingly, the S&L formula, which completely failed to discriminate IDA with the standard cutoff value (<1530), improved with the proposed cutoff value (<1068), and successfully discriminated all TT cases from IDA. In Pakistan, the remarkable racial mix (due to migrations, invasions, and commercial interactions) represents significant genetic diversity. Consanguineous and close cousin marriage trends, high birth and fertility rates, low educational level, unawareness of trait status before marriages, and lack of public health facilities in remote areas have led Pakistan towards high rates of β-thalassemia carriage. In addition, the scarcity of screening facilities that can perform amniocentesis for DNA analysis during pregnancy and the lack of genetic counseling of positive cases for possible termination of pregnancy have led to a high risk of congenital transmission of β-thalassemia. Therefore, the current study provides new formulas to improve the diagnosis of TT independent of access to high tech methods. Analysis of these proposed formulas by a RF decision tree approach revealed that they could be used with good reliability for discrimination of thalassemia traits from IDA. Further study is necessary to confirm using spectrum of similar diseases and larger sample size.
Our proposed formulas could help to simplify the screening for TTs among high-risk groups in remote areas. They could also be used as a tool in premarital screening of close cousins and in large district or provincial surveys.
Conclusion
Our proposed formulas, with their high sensitivity and specificity, could play a crucial role for clinicians who rely on laboratory results to discriminate between β-TT and other causes of HMA, specifically in premarital screening. Due to the high prevalence of IDA and β-thalassemia traits in many regions of Pakistan, the patient's history of iron intake and a history of thalassemia in a patient's family, along with a CBC, may not be adequate for a firm diagnosis. The proposed formulas provide an additional method to help differentiate IDA from TT. Therefore, the proposed formulas need to be evaluated in future studies of larger population samples.
Recommendations
There is variation of genetic basis of TTs in each population.
The new proposed formulas (Kandhro1 and Kandhro2) along with standard formulas should be further investigated for screening TTs and IDA in high-risk endemic areas using larger population size. Base on our study, MI, EF, G&K, RDWI, R, and HHI are reliable discrimination formulas for ease of use in general population. Red cell indices and discrimination formula, along with clinical findings, should be carefully interpreted to increase the reliable diagnosis of suspected cases. LM
